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EFFECTIVENESS O F  RADIATION SHIELDS FOR THERMAL CONTROL 

OF VMICLFS ON THE SUNLIT SIDE O F  THE MOON 

By John C. Arvesen and Frank M. Hamaker 

SUMMARY 

Analyses are presented f o r  studying t h e  problems of thermal con t ro l  
assoc ia ted  with vehic les  on t h e  lunar  surface during t h e  daytime and evaluat ing 
t h e  e f fec t iveness  of so l a r  and lunar  r ad ia t ion  sh ie lds  i n  minimizing these  prob- 
l e m s .  Included i n  t h e  analyses are inputs  of d i r e c t  so l a r  r ad ia t ion ,  s o l a r  r a d i -  
a t i o n  r e f l e c t e d  from t h e  lunar  surface,  r a d i a t i o n  emitted from t h e  lunar  surface,  
i n t e r n a l l y  generated power, and, f o r  a shielded vehic le ,  r a d i a t i o n  r e f l e c t e d  and 
emitted from t h e  sh ie lds .  An add i t iona l  ana lys i s  i s  presented f o r  stud-ying t h e  
e f f e c t  of conduction i n  t h e  sk in  upon t h e  temperature v a r i a t i o n  around a vehic le  
i l luminated from t h e  s ide .  

Temperatures of unshielded vehic les  w e r e  found t o  b e  a s t rong funct ion of 
t h e  r a t i o  of s o l a r  absorptance t o  emittance ( a s / € )  of t h e i r  surfaces  and might be 
excessively high during daytime. as/€, t h e  vehi -  
c l e  temperatures could be undesirably high as a r e s u l t  of absorpt ion of r ad ia t ion  
emit ted from t h e  hot lunar  surface.  When an unshielded vehic le  i s  subjected t o  
s o l a r  i l luminat ion f r o m t h e  s ide ,  as may be encountered a t  dawn, dusk, or at  t h e  
poles ,  l a r g e  temperature d i f fe rences  and gradien ts  are found t o  occur from t h e  
s u n l i t  t o  t h e  shaded s i d e  of t h e  vehic le .  

Even with coat ings of very low 

Resul ts  of t h i s  study ind ica t e  t h a t  s o l a r  and lunar  r ad ia t ion  sh ie lds  can 
el iminate  many of t h e  thermal problems apparent with unshielded vehic les  on t h e  
lunar  surface.  Solar  sh i e lds  may reduce t h e  amount of incident  so l a r  r ad ia t ion  
s o  g rea t ly  t h a t  t h e  temperatures on t h e  vehic le  w i l l  become independent of t h e  
v e h i c l e ' s  surface proper t ies .  Lunar r ad ia t ion  sh ie lds  may be used t o  i s o l a t e ,  
e f f ec t ive ly ,  t h e  vehic le  from r a d i a t i o n  emitted from t h e  lunar  surface.  With a 
combination of so l a r  and lunar  sh ie lds ,  t h e  sur face  temperatures of a vehic le  
can be reduced t o  a des i rab le  l eve l .  

IJITRODUCTION 

Thermal con t ro l  of a veh ic l e  on t h e  sur face  of t h e  moon i s  complicated by 
t h e  extremes i n  temperature and incident  r a d i a t i o n  encountered. The sur face  t e m -  
pera ture  reaches 2400 F or more a t  t h e  subsolar point  and,during lunar  night, 
drops t o  -240° F or lower (see ref .  1). 
ate  or d i f fuse  d i r e c t  s o l a r  r a d i a t i o n  causes an extremely l a r g e  d i f fe rence  i n  
temperature of sunlit and shadowed lunar  areas. I n  t h i s  environment, vehic les  
would be expected t o  provide thermal pro tec t ion  f o r  both men and equipment. 

The absence of an atmosphere t o  a t t enu-  



I I I1 Ill1 111ll11IlI Ill I 

With t h e  lunar  temperature and incident  s o l a r  r ad ia t ion  varying over such 
wide ranges during t h e  day, t h e  problem of maintaining t h e  temperature of t h e  
i n t e r i o r  of a vehic le  within required l i m i t s ,  say 600 F t o  90' F, may be very 
d i f f i c u l t .  If t h e  outs ide sur face  temperature of t h e  vehic le  i s  much d i f f e ren t  
from the  i n t e r i o r  temperature, a subs t an t i a l  weight of insu la t ion  may b e  required 
t o  adequately reduce t h e  rate of heat f low i n t o  o r  out of t h e  vehicle.  Thus, f o r  
lunar  vehicles ,  it i s  reasonable t o  assume a design goal  of maintaining sk in  tem- 
pera ture  at approximately t h e  same l e v e l  as i s  des i red  i n  t h e  i n t e r i o r .  A study 
of t h e  temperatures of t h e  ex te r io r  of a lunar veh ic l e  and t h e  parameters which 
a f f e c t  these  temperatures, therefore ,  becomes meaningful i n  terms of achieving 
des i red  thermal control .  

One method of reducing t h e  maximum vehicle  temperature i s  by t h e  use of 
coatings with very low r a t i o s  of so l a r  absorptance t o  thermal emittance. How- 
ever ,  even with such coat ings,  t h e  r ad ia t ion  from t h e  hot lunar surface may s t i l l  
cause undesirably high temperatures. Furthermore, such coatings may possibly be 
suscept ib le  t o  degradation of r a d i a t i v e  proper t ies  due t o  environment exposure 
( r e f .  2 . ) .  

Another method of thermal cont ro l  of lunar  vehic les  i s  t h e  use of ex terna l  
rad ia t ion  sh ie lds .  Solar  r a d i a t i o n  sh ie lds  have been shown t o  be  very e f f ec t ive  
f o r  thermal pro tec t ion  of a so la r  probe ( r e f .  3 )  where t h e  incident r ad ia t ion  
in t ens i ty  var ied  by two orders of magnitude. Stevenson and Grafton ( r e f .  4) 
s tudied t h e  e f f e c t  of a so l a r  s h i e l d  upon t h e  temperatures of objects  on t h e  
lunar  surface a t  t h e  subsolar point .  Because t h e  objects  s tudied were s t i l l  
d i r e c t l y  exposed t o  t h e  hot lunar  surface,  t h e  s h i e l d  w a s  not adequate under a l l  
conditions t o  prevent excessively high temperatures of t h e  objec ts .  

I n  t h e  present study, t h e  concept of r ad ia t ion  shielding i s  extended t o  
include a lunar  r ad ia t ion  s h i e l d  t h a t  i s o l a t e s  t h e  vehic le  from rad ia t ion  emitted 
from t h e  lunar  sur face  and t o  evaluate  t h e  e f fec t iveness  of a combination of 
so l a r  and lunar sh ie lds .  An expression f o r  t h e  temperature d i s t r ibu t ion  over t h e  
surface of unshielded vehicles  on t h e  lunar  surface i s  developed and t h e  thermal 
problems associated with a p a r t i c u l a r  vehic le  configurat ion a r e  s tudied as a 
bas i s  f o r  comparison with t h e  shielded configuration. A general  ana lys i s  i s  a l s o  
presented from which t h e  temperatures of any shielded vehic le  may be calculated.  
The effect iveness  of so l a r  and lunar  r ad ia t ion  sh ie lds  i s  then determined as a 
funct ion of geometry, so l a r  absorptance and thermal emittance proper t ies ,  so l a r  
i l luminat ion angle,  and i n t e r n a l l y  generated heat .  

NOTATION 

A surface a rea ,  sq  f t  

b thickness of veh ic l e ' s  skin,  f t  

C 

D vehicle  diameter, f t  

thermal conductance ( C  = bk) , Btu/hr-OF 
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s o l a r  constant ,  442.8 Btu/hr-ft2,  129.7 w a t t s / f t 2  

r ad ia t ion  configurat ion f a c t o r  

thermal conductivity,  Btu-f t /hr  -ft2 OF 

heat - t ransfer  rate, Btu/hr 

d i r e c t  so l a r  r ad ia t ion ,  Btu/hr 

temperature, OR 

so la r  -shield separa t ion  dis tance,  f t  

s o l a r  absorptance 

angle between t h e  sun 's  d i r ec t ion  and a normal t o  t h e  lunar  surface,  deg 

thermal emittance 

angle  between t h e  sun 's  d i r ec t ion  and a normal t o  t h e  v e h i c l e ' s  surface,  

lunar  r e f l ec t ance  t o  s o l a r  r ad ia t ion  

Stefan-Bolt zmann constant (0.173X10-8 Btu/hr -ft2 -%4) 

azimuth angle  of a point  on surface of vehic le  with respect  t o  sun, deg 

o r i en ta t ion  angle of a point  on t h e  vehic le  with respect  t o  t h e  lunar  

deg 

surface ( f i g .  2 ) ,  deg 

Subscr ipts  

d d i r e c t l y  incident  

dA elemental area 

e m  emitted from t h e  lunar  sur face  

i m  incident  upon lunar  surface 

m lunar  surface 

r r e f l e c t e d  

r m  r e f l e c t e d  from lunar sur face  

3 



ss subsolar point  

t t o t a l  

Analyses are developed t h a t  can be used t o  determine t h e  temperatures of 
unshielded and shielded vehic les  anywhere on t h e  lunar  surface.  The temperature 
of an elemental area on t h e  surface of t h e  unshielded veh ic l e  i s  found by a re la-  
t i v e l y  simple method t h a t  y i e lds  a closed-form so lu t ion .  A more complex analy-  
s is ,  requi r ing  machine computation, i s  then developed from which temperatures of 
areas of t h e  surface of a shielded vehic le  may be calculated.  

A l i s t  of general  assumptions appl icable  t o  both analyses i s  presented t o  
def ine  t h e i r  l i m i t s  of app l i cab i l i t y .  Based upon these  assumptions, a heat  b a l -  
ance i s  made f o r  an area on t h e  surface of t h e  vehicle .  The heat  balance 
includes inputs  of d i r e c t  so l a r  r ad ia t ion ,  s o l a r  r a d i a t i o n  r e f l e c t e d  from t h e  
lunar  surface,  r ad ia t ion  emitted from t h e  lunar  surface,  i n t e r n a l l y  generated 
heat,and, f o r  a shielded vehic le ,  r ad ia t ion  r e f l e c t e d  and emitted from t h e  
sh ie lds .  
equating t o t a l  heat input t o  t o t a l  heat r ad ia t ed  from t h e  area. 

The equilibrium temperature of t h e  area may then  be ca lcu la ted  by 

A hea t - t ransfer  ana lys i s  i s  a l s o  developed t o  study t h e  e f f e c t  of conduction 
i n  t h e  sk in  upon t h e  temperature v a r i a t i o n  around a vehic le  i l luminated from t h e  
s ide .  

General Assumptions 

A s  t h e  r a d i a t i v e  heat - t ransfer  analyses assoc ia ted  with unshielded and 
shielded vehic les  on t h e  lunar  surface are developed, a number of assumptions or 
approximations are introduced. For c l a r i t y ,  t hese  are co l lec ted  i n  t h e  following 
l i s t  : 

Lunar Environment : 

1. 
2. 
3. The thermal conduct ivi ty  of t h e  lunar  sur face  i s  negl igible .  
4. 

5. The lunar  surface emits and r e f l e c t s  r a d i a t i o n  d i f fuse ly  i n  accordance 

6. The r e f l ec t ance  of t h e  lunar surface i s  t h e  same over t h e  e n t i r e  surface.  
7. The lunar  sur face  i n  t h e  immediate v i c i n i t y  of t h e  vehic le  may be analyt- 

8. Thermal e f f e c t s  of r ad ia t ion  f r o m t h e  ea r th  are negl igible .  

The temperature of t h e  lunar  surface at t h e  subsolar point  i s  240' F. 
The temperature of t h e  lunar  surface on t h e  dark s i d e  i s  -240' F. 

The s p a t i a l  environment i s  considered t o  be a r ad ia t ion  s ink  a t  -4600 F 
(Oo absolu te) .  

with Lambert's l a w .  

i c a l l y  approximated by an i n f i n i t e  f la t  plane of uniform temperature. 

4 



Vehicle: 

1. 

2. The absorptance of t h e  surface of t h e  veh ic l e  t o  inf ra red  r ad ia t ion  i s  

The surface of t h e  veh ic l e  r e f l e c t s  and emits r ad ia t ion  d i f fuse ly  i n  
accordance with Lambert ' s  l a w .  

equal t o  i t s  emittance ( i . e .  , exh ib i t s  gray-body c h a r a c t e r i s t i c s  i n  
t h e  in f r a red  reg ion) .  

t o  i t s  sur face  (except as ind ica ted  f o r  t h e  rad ia t ion-sh ie ld  analysis). 

zero unless  otherwise specif ied.  

reached a t  equilibrium. 

i n t o  or through t h e  vehicle ,  

versa.  

e f f e c t  upon veh ic l e  temperatures. 
ca s t  by t h e  s o l a r  s h i e l d  i s  included.)  

3. Radiation t h a t  i s  r e f l e c t e d  or emitted from t h e  vehic le  does not r e t u r n  

4. The thermal conductance of t h e  sk in  of t h e  vehic le  i s  considered t o  be 

5. The temperature of t h e  surface of t h e  vehic le  i s  assumed t o  be t h a t  

6. 

7. N o  heat i s  conducted i n t o  t h e  vehic le  from t h e  lunar  surface or v i c e  

8. 

N o  heat i s  l o s t  f r o m t h e  surface of a vehic le  by conduction or r a d i a t i o n  

(The veh ic l e  i s  on a nonconducting base.)  
The shadow cas t  upon t h e  lunar  surface by t h e  vehic le  has a negl ig ib le  

(However, t h e  e f f e c t  of t h e  shadow 

Shields:  

1. The sh ie lds  are considered t o  have isothermal surfaces .  
2. The sh ie lds  e m i t  and r e f l e c t  r ad ia t ion  d i f fuse ly  i n  accordance w i t h  

Lambert * s l a w .  

Lunar Thermal Environment 

An evaluat ion i s  made of so l a r  r ad ia t ion  incident  upon and t h e  t o t a l  
r ad ia t ion  leaving an area of t h e  lunar  surface.  Lunar surface temperatures are 
discussed and a simple approximation t o  t h e  temperature a t  any point on t h e  lunar  
surface i s  given. 

Incident  s o l a r  rad ia t ion .  - The d i r e c t  so l a r  r a d i a t i o n  incident  upon an 
elemental a r ea  dAm of t h e  lunar  surface depends only upon t h e  angle of i l l w n i -  
nation. If t h e  angle  between t h e  sun ' s  d i r ec t ion  and a normal t o  t h e  lunar  
sur face  i s  defined as y ,  t h e  d i r e c t  so l a r  r a d i a t i o n  i s  

where E i s  t h e  value of t he  s o l a r  constant.  

5 
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Reflected solar r ad ia t ion . -  The so la r  r ad ia t ion  r e f l e c t e d  from t h e  lunar  
surface i s  

where Pm i s  t h e  f r a c t i o n  of so l a r  r ad ia t ion  r e f l ec t ed .  

Emitted lunar  rad ia t ion . -  The r ad ia t ion  emitted from an elemental area of 
t h e  lunar  surface may be determined from t h e  Stefan-Boltzmann l a w  as 

s ince  t h e  emittance of t h e  lunar surface has been determined by P e t t i t  and 
Nicholson (ref. 5) t o  be very near ly  unity.  

Lunar surface temperatures. - W i l l i a m  M. Sinton and assoc ia tes  a t  Lowell 
Observatory ( r e f s .  1 aKd 6) have measured lunar surface temperatures using modern 
in f r a red  techniques. They have determined t h e  "mean spher ica l ly  emitting" sub- 
s o l a r  point temperature t o  be  389O K (240' F) and t h e  dark s i d e  "midnight" t e m -  
perature  t o  be 122' K + 3 O  K (-240° F +So F ) .  I n  addi t ion,  they have constructed 
isothermal maps of t h e  lunar  surface at various phase angles ( r e f .  7 )  from which 
t h e  temperature of a point  may be determined a t  various times during t h e  lunar  
day. Typical measured temperatures a r e  shown f o r  various so l a r  i l luminat ion 
angles i n  f igu re  1 f o r  a s m a l l  a rea  near t h e  center  of t h e  lunar  disk.  A theo-  
r e t i c a l  curve of temperature v a r i a t i o n  of a model lunar  surface obtained from 
reference 1 i s  a l s o  shown i n  f igu re  1. The value of conductivity used f o r  c a l -  
cu la t ing  t h i s  curve i s  s o  low t h a t  it i s  representa t ive  of a powder or dust i n  a 
high vacuum (ref. 1). By an ana lys i s  of t h e  temperature-time h i s to ry  of a lunar  
ec l ip se  ( r e f s .  8 and 9 )  t h e  lunar  surface has fu r the r  been shown t o  be an 
extremely poor heat conduct or. 

If t h e  thermal i n e r t i a  of t h e  lunar  surface i s  assumed zero, t h e  temperature 
of any area  of t h e  lunar  surface w i l l  vary between t h e  subsolar point temperature 
(240° F) and t h e  dark s i d e  temperature (-240° F) as t h e  fourth root  of t h e  cosine 
of t h e  i l luminat ion angle : 

whichever i s  higher (4) 1 Tm = Tss y 

Tm = 220' R (-240' F) 

Equation (4)  i s  a l s o  p l o t t e d  i n  f igu re  1 and it i s  seen t h a t  t h e  agreement of 
t h i s  simple expression with t h e  measured temperature poin ts  i s  f a i r l y  good. 

Temperature Dis t r ibu t ion  Over t h e  Surface of an Unshielded Vehicle 

The magnitude of t h e  components of so l a r  r ad ia t ion  and lunar r ad ia t ion  
ncident upon an elemental a rea  on t h e  surface of an unshielded vehic le  a r e  

uetermined. A heat balance i s  made t h a t  includes inputs  of absorbed incident  

6 
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r ad ia t ion  and heat generated within t h e  vehicle .  From t h i s  heat balance and the  
Stefan-Boltzmann l a w ,  t h e  temperature d i s t r i b u t i o n  over t h e  surface of t h e  vehi-  
c l e  a t  equilibrium may be calculated.  Since t h e  r a t e  of change of t h e  lunar 
environment i s  r e l a t i v e l y  low (1 lunar  day 29-l/2 ea r th  days),  it i s  f e l t  t h a t  
t h e  assumption of equilibrium temperatures i s  v a l i d  unless t h e  v e h i c l e ' s  sk in  has 
an unusually high thermal capacitance. 

Direct and r e f l e c t e d  so la r  r ad ia t ion  incident  upon an elemental a r ea  on t h e  
vehic le . -  If 8 
t o  an elemental a rea  dA on t h e  veh ic l e ' s  surface,  t h e  s o l a r  r ad ia t ion  t h a t  i s  
d i r e c t l y  incident i s  

i s  defined as t h e  angie between the- sun's d i r ec t ion  and a n o r G 1  

Reflected so la r  r ad ia t ion  incident  upon t h e  elemental area depends upon 
r ad ia t ion  r e f l e c t e d  from t h e  lunar  surface and t h e  in t eg ra t ed  r a d i a t i o n  configu- 
r a t i o n  f ac to r  between t h e  a rea  and t h e  e n t i r e  lunar surface.  Calculation of t h i s  
f ac to r  involves simplifying assumptions as t o  t h e  c h a r a c t e r i s t i c s  of t h e  lunar 
surface,  namely, t h a t  t h e  surface i s  d i f fuse  and may be approximated by an i n f i -  
n i t e  f l a t  plane ( see  r e f .  10). 
oriented elemental a rea  and an i n f i n i t e  plane i s  developed i n  reference 11 and 
t h e  r e s u l t  may be expressed as 

The configurat ion f a c t o r  between an a r b i t r a r i l y  

where @ i s  t h e  o r i en ta t ion  angle with respect  t o  t h e  lunar  surface.  The r ad ia -  
t i o n  configuration f ac to r  i s  shown graphical ly  i n  f igu re  2. The r e f l e c t e d  solar 
r ad ia t ion  incident upon the  element may now be ca lcu la ted  from t h e  r ec ip roc i ty  
r e l a t ionsh ip  ( F a m - ~  dAm = dA) and equations (2 )  and (6 ) .  Thus, 

Incident lunar r ad ia t ion . -  Lunar r ad ia t ion  incident  upon t h e  element i s  a 
funct ion of t h e  r ad ia t ion  emitted from t h e  lunar surface (eq.  ( 3 ) )  and t h e  prev i -  
ously ca lcu la ted  configuration f ac to r  (eq.  ( 6 ) ) .  It i s  given by 

Tota l  r ad ia t ion  inc ident . -  The components of s o l a r  r a d i a t i o n  and lunar  
r ad ia t ion  may now be combined t o  give t h e  following expression f o r  t h e  t o t a l  
r ad ia t ion  f lux  incident  upon t h e  elemental a rea :  

dQt/dA = E COS 8 + pmE COS c0s2(@/2) + aTm4  COS^(@/^) (9)  

It can be seen t h a t  t h e  r ad ia t ion  incident  i s  a funct ion of (1) t h e  angle of 
incidence of d i r ec t  s o l a r  r ad ia t ion  on t h e  element 8 ;  (2 )  t h e  angle of incidence 
of so l a r  r ad ia t ion  upon t h e  lunar surface y ,  t h a t  i s ,  lunar  l a t i t u d e ,  longitude 
and time; ( 3 )  t h e  o r i en ta t ion  of t h e  element w i t h  respect  t o  t h e  lunar  surface @. 

7 



Heat balance on t h e  elemental area.- The s o l a r  absorptance as of any 
surface i s  def ined as t h e  f r a c t i o n  of t h e  t o t a l  incident  s o l a r  r ad ia t ion  t h a t  i s  
absorbed. The absorptance of t h e  elemental area t o  in f r a red  r ad ia t ion  ( lunar  
r ad ia t ion )  can be shown t o  be very near ly  equal t o  i t s  emittance i f  t h e  veh ic l e ' s  
surface has fa i r ly  constant emittance proper t ies  with wavelength i n  t h e  in f r a red  
region. 

It i s  assumed, f o r  t h e  present ,  t h a t  t h e r e  i s  no heat conducted between 
elements of t h e  v e h i c l e ' s  sk in .  There can be, however, heat  sources wi th in  t h e  
vehic le  t h a t  w i l l  r e s u l t  i n  add i t iona l  heat inputs ,  U, t o  t h e  element. A t  t h e r -  
m a l  equilibrium, t h e  t o t a l  heat input t o  t h e  elemental area must be equal t o  t h e  
heat t h a t  i s  r ad ia t ed  away. Thus, 

a S ( t o t a l  incident  s o l a r  r ad ia t ion )  + €( inc ident  lunar  r ad ia t ion )  

+ i n t e r n a l  heat  = r ad ia t ion  emitted 

or  

where E i s  t h e  emittance of t h e  elemental area. The equilibrium temperature, 
T ,  i n  t h e  absence of conduction between adjacent elements, may now be found from 

]+ T$ cos2(:) + -$r'4 (11) 
E cos 8 + PmE - cos y c0s2($/2) 

T = f + [  0 

The temperature d i s t r i b u t i o n  over t h e  sur face  of an unshielded vehic le  at any 
time during t h e  lunar  day can be determined from t h i s  equation. The va r i ab le s  
t h a t  determine t h e  temperature d i s t r i b u t i o n  f o r  any s p e c i f i c  vehic le  with no 
in t e rna l ly  generated heat are simply t h e  sun's i l lumina t ion  angle and t h e  r a t i o  
of so l a r  absorptance t o  emittance, a s / € ,  of t h e  veh ic l e ' s  sk in .  
generated heat i s  present ,  t h e  heat f l ux  i n t o  t h e  sk in  and t h e  a c t u a l  value of 
emittance of t h e  sk in  become add i t iona l  va r i ab le s .  

When i n t e r n a l l y  

Thermal conductance.- ~ When a study i s  made of t h e  e f f e c t  of sk in  conductance 
upon t h e  temperature v a r i a t i o n  of t h e  v e h i c l e ' s  surface,  c e r t a i n  new parameters 
must be introduced. The conductivity,  thickness ,  and emittance of t h e  sur face  
material, as w e l l  as t h e  v e h i c l e ' s  s i ze ,  now become pe r t inen t  parameters. Such 
an ana lys i s  i s  developed i n  appendix A and i s  based upon t h e  r e l axa t ion  method. 
This ana lys i s  has been developed f o r  one-dimensional heat conduction and may be 
appl ied  only t o  sec t ions  of a vehic le  where t h e  temperature grad ien ts  i n  a l l  
other d i rec t ions  are negl ig ib le .  

Temperatures of Shielded Vehicles 

I n  order t o  descr ibe adequately t h e  r a d i a t i v e  heat - t ransfer  system t h a t  
cons is t s  of a vehicle ,  solar and lunar  r ad ia t ion  sh ie lds ,  t h e  lunar  surface,  and 

a 1 



space, a more general  r ad ia t ion  ana lys i s  i s  required.  Such an analysis  i s  
developed i n  appendix B and i s  summarized here. 

The ca lcu la t ion  of temperatures r e su l t i ng  from rad ia t ive  heat t r a n s f e r  
between t h e  components of t h e  system i s  complex because mult iple  r e f l ec t ions  f rom 
each surface must be considered. 
13, and 14) whereby i n f i n i t e  r e f l ec t ions  may be included i n  a systematic manner, 
and, with t h e  use of a high-speed computer, t h e  lengthy computations involved i n  
these  methods can be r ead i ly  accomplished. 

Methods have been developed (e .g . ,  r e f s .  12, 

The method of analysis  developed within the  present repor t  i s  similar t o  
t h a t  presented i n  reference 13 but is  extended t o  include r ad ia t ion  absorbed and 
emitted from both s ides  of a surface.  This analysis  includes so l a r  r ad ia t ion  and 
in t e rna l ly  generated heat ,  as w e l l  as emitted rad ia t ion .  Methods of matrix a lge-  
bra  a r e  used t o  solve t h e  l i n e a r  simultaneous equations obtained by a heat 
balance on spec i f i c  f i n i t e  surfaces .  

A heat balance can be made on an a r b i t r a r y  surface i t h a t  may receive and 
emit r ad ia t ion  from both s ides  (a and b ) .  

r ad ia t ion  Si, r e f l ec t ed  so la r  r ad ia t ion  f rom a l l  surfaces i n  t h e  system c pvi, 

emitted r ad ia t ion  (both d i r ec t  and r e f l ec t ed )  from a l l  surfaces  c p w i ,  and 

The heat balance includes d i reck  so la r  

p =1 00 

i n t e r n a l  heat U t .  Thus, as i n  equation (lo), p.=O 

emitted 
( d i r e c t  r ad ia t ion  and r e f l e c t e d )  

so la r  rad-  
i a t i o n  absorbed > + (  

i n t e r n a l  r ad ia t ion  
+ ( heat ) = ( emi t t ed )  

(12) 
o r  

where 
respect ively.  
face temperatures may be obtained by solving f o r  
algebra ( d e t a i l s  a r e  found i n  appendix B ) ,  t h e  equations may be organized and 
solved. 

q i ( a )  and q i (b )  a r e  t h e  r ad ia t ion  components emitted from sides  a and b, 

Through methods of matrix 
Equation (13) i s  a s e t  of simultaneous equations from which sur -  

qi. 

RESULTS AND DISCUSSION 

The preceding analyses have been developed f o r  evaluating t h e  thermal 
cont ro l  of a vehic le  on t h e  lunar  surface.  The basic  vehic le  configuration 

9 



chosen f o r  study i s  shown i n  f igu re  3. 
a cy l ind r i ca l  sec t ion .  
basic  configuration are shown i n  f igu re  4. 

It cons is t s  of a 60' conical sec t ion  atop 
The so la r  and lunar  sh i e ld  configurations added t o  t h i s  

The e f f e c t s  of thermal parameters, such as t h e  as/€ r a t i o ,  s o l a r -  
i l luminat ion angle, and surface conductance, on t h e  temperatures and temperature 
d i s t r ibu t ion  of t h e  unshielded and shielded vehic le  are  discussed. 

Temperatures on an Unshielded Vehicle During a Lunar Day 

Incident rad ia t ion .  - A vehic le  w i l l  be subjected t o  incident so l a r  and lunar  
r ad ia t ion  i n  varying amounts during a lunar day, depending on i t s  geometry and 
pos i t ion  on t h e  moon's surface.  Equation (9) gives t h e  components of d i r ec t  
so l a r  rad ia t ion ,  r e f l e c t e d  so la r  rad ia t ion ,  and lunar r ad ia t ion  t h a t  a r e  incident 
upon any element of a vehicle .  The va r i a t ion  i n  these  components during a lunar 
day i s  shown i n  f igu re  5 f o r  a s t r i p  of elemental width up t h e  conical  and cy l in-  
d r i c a l  sect ions ( f i g s .  5(a) and 5 (b ) ,  respec t ive ly)  of t h e  unshielded vehicle  
being studied. The vehic le  i s  s i t t i n g  near t h e  lunar equator and t h e  sun moves 
d i r e c t l y  overhead during t h e  lunar day. It can be seen t h a t  emitted r ad ia t ion  
from t h e  lunar surface i s  t h e  main component u n t i l  d i r ec t  sunlight i s  incident .  
The incident so la r  r ad ia t ion  reaches a maximum when it i s  normal t o  t h e  vehic le ' s  
surface.  As would be expected, t h e  maximum solar r ad ia t ion  i s  of a much grea te r  
magnitude than t h e  m a x i m u m  lunar  rad ia t ion .  

Temperature va r i a t ion  f o r  various values of as/€. - The var iab les  which 
.. - 

determine t h e  temperature d i s t r ibu t ion  over a vehic le  with a given geometry and 
no in t e rna l ly  generated heat are t h e  sun's i l luminat ion angle and t h e  r a t i o  of 
so l a r  absorptance t o  emittance of t h e  veh ic l e ' s  skin.  The r ad ia t ion  incident 
upon an elemental s t r i p  of t h e  vehicle  at any time w a s  shown i n  f igu re  5. The 
temperatures a r i s ing  from t h i s  incident r ad ia t ion  are shown i n  f igu re  6 f o r  var i -  
ous 
ments on t h e  vehicle .  

as/€ r a t i o s  under t h e  assumption t h a t  no heat i s  t r ans fe r r ed  between e l e -  

The temperatures reached on t h e  vehicle  a r e  a strong function of as/€ 
during lunar daytime, but during lunar night , the surface propert ies  are immate- 
r i a l  and t h e  vehicle  w i l l  have an equilibrium temperature t h a t  w i l l  depend only 
upon t h e  vehicle  geometry and w i l l  be between t h e  temperature of t h e  lunar sur -  
face  ( -240° F) and t h e  temperature of space (-4600 F) .  

The maximum temperature i s  reached at any point on t h e  vehicle  when t h e  
t o t a l  absorbed r ad ia t ion  i s  a maximum. This occurs near t h e  angle f o r  maximum 
incident  so la r  r ad ia t ion  f o r  surfaces with a high 
with a low as /€  r a t io ,  it occurs near t h e  subsolar point .  For various r e a l i s t i c  
surface mater ia ls ,  t h e  maximum temperatures reached on t h e  sect ions of  t h e  
vehic le  s tudied a r e  shown i n  t a b l e  I. 

as/€ r a t io ,bu t  f o r  surfaces 

The curve f o r  as/€ = 0 i n  f igu re  6 i s  a t h e o r e t i c a l  l i m t t ,  representat ive 

This l i m i t  may be nearly r ea l i zed  by shieldTng a vehicle  from 
of t h e  temperature va r i a t ion  during a lunar day on a vehicle  t h a t  absorbs no 
so la r  rad ia t ion .  
so l a r  rad ia t ion  as w i l l  be described l a t e r .  
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Temperature of a vehic le  a t  t h e  subsolar point .  - A vehic le  a t  t h e  subsolar 
point i s  exposed t o  t h e  maximum r ad ia t ion  emitted from t h e  lunar  surface as wel l  
as t o  so l a r  r ad ia t ion  from d i r e c t l y  overhead. 

The temperatures of t h e  conical  and cy l ind r i ca l  sect ions of t h e  vehicle  at 
the  subsolar point a r e  presented i n  f igu re  7 as a function of 
Solar  and lunar i l luminat ion are uniform over each sec t ion  so  t h a t  each sec t ion  
w i l l  have a s ingle ,  uniform temperature. 
vehic le  does not receive d i r e c t  so l a r  r ad ia t ion  and s ince  incident  r e f l e c t e d  
so la r  rad ia t ion  i s  low (see  f i g .  5 ( b ) ) ,  t h e  temperature of t h e  sec t ion  i s  rela- 
t i v e l y  insens i t ive  t o  changes i n  
however, i s  s t rongly dependent upon 
r ad ia t ion  incident upon t h e  conical  sec t ion  i s  so la r  rad ia t ion .  
r a t i o  of each sec t ion  approaches zero, t h e  temperatures w i l l  approach lower 
l i m i t s  t h a t  are a function of only t h e  vehic le  geometry. The temperatures on t h e  
vehicle  a t  t h i s  lower l i m i t  are 129' F and 35' F (from eq. (11)) f o r  t h e  cy l in-  
d r i c a l  and conical  sect ions,  respect ively.  

thermal problem may occur when an unshielded vehicle  i s  i l luminated d i r e c t l y  from 
t h e  s ide .  Side i l luminat ion would be encountered at lunar  dawn or dusk or if t h e  
vehic le  were s i t ua t ed  near t h e  poles.  One s ide  of t h e  ,vehicle would receive t h e  
f u l l  i n t ens i ty  of t h e  d i r ec t  sun, while t h e  other s ide  would be i n  darkness, 
"seeing" only a cold, shadowed lunar surface and space. 

as/€ r a t i o .  

Since t h e  cy l ind r i ca l  sec t ion  of t h e  

a s / € .  The temperature of t h e  conical  sect ion,  
as /€  since more than half  of t h e  t o t a l  

A s  t h e  US/€ 

Temperature va r i a t ion  around a vehicle  i l luminated from t h e  s ide . -  A severe 

When the re  i s  no conduction i n  t h e  skin,  t h e  temperature d i s t r i b u t i o n  
around t h e  cy l ind r i ca l  sec t ion  of t h e  vehicle  i s  as shown i n  f igu re  8. 
perature  of a v e r t i c a l  s t r i p  on t h e  surface of t h e  cy l ind r i ca l  sec t ion  i s  p lo t t ed  
against  i t s  locat ion angle around t h e  vehic le  f o r  various values of It i s  
apparent t h a t  l a rge  differences i n  temperature may occur between t h e  s u n l i t  and 
dark s ides  of a vehicle,  espec ia l ly  a t  t h e  higher values of Also apparent 
a r e  t h e  la rge  thermal gradients  which are present i n  t h e  region from about 800 t o  

The tem- 

a s / € .  

as /€ .  

900. 

The e f f ec t  of surface conductance on t h e  temperature d i s t r i b u t i o n  around t h e  
cy l ind r i ca l  sec t ion  of t h e  vehic le  i s  determined by t h e  methods presented i n  
appendix A and i s  shown i n  f igu re  9. The vehic le  i n  t h i s  example i s  10 f e e t  i n  
diameter and i t s  surface has an as /€  r a t i o  of 1.0. Thermal conductance C i n  
t h e  sk in  ranges from zero t o  a value representa t ive  of 1/8-inch-thick aluminum. 
Two cases are presented: 

(a) The emittance of t h e  surface = 0.9 ( f i g .  9 (a) )  
(b)  The emittance of t h e  surface = 0 .1  ( f i g .  9 ( b ) )  

It can be seen t h a t ,  i n  general ,  conduction i n  a vehic le ' s  sk in  can reduce 
both t h e  temperature differences and gradients  around t h e  vehicle .  This i s  
accomplished pr imari ly  by r a i s i n g  t h e  dark-side temperature of t h e  vehicle .  It 
can be seen t h a t  t h e  use of a surface of l o w  emittance r e s u l t s  i n  lower tempera- 
t u r e  differences and reduced gradients  when compared with one of higher emit- 
tance.  It i s  apparent, however, t h a t  even f o r  a sk in  of r e l a t i v e l y  high conduct- 
ance (1/8-in. aluminum), a l a rge  temperature va r i a t ion  may s t i l l  e x i s t  from one 
s ide  of t h e  vehic le  t o  t h e  other .  
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The Use of Solar  and Lunar Radiation Shields  f o r  Thermal 
Control of a Vehicle During Lunar D a y t i m e  

It has been shown t h a t  surface temperatures of an unshielded vehic le  may be 
undesirably high during lunar  daytime. Surfaces of very low as/€ w i l l  reduce 
t h e  amount of so l a r  r ad ia t ion  t h a t  i s  absorbed, as shown earlier, but t h e  hot 
lunar  surface may s t i l l  provide enough r a d i a t i o n  t o  maintain undesirably high 
veh ic l e  temperatures. Therefore, sh ie lds  are now considered as a method of mini- 
mizing t h i s  problem by reducing both incident  so l a r  and incident  lunar  r ad ia t ion .  

Effect iveness  __c__. of shielding _ ~ _  at  t h e  . subsolar - - ___ _I poin t .  __ - The shielded vehic le  
configurations s tud ied  a r e  presented i n  f igu res  4(a) ,  ( b ) ,  and ( e ) .  A c i r cu la r  
sh i e ld  with t h e  same diameter as t h e  vehic le  or  l a rge r  ( f i g s .  4(a)  and 4 ( b ) )  was  
used t o  e l iminate  a l l  d i r ec t  so l a r  r ad ia t ion  on t h e  vehicle .  Reflected so la r  
r ad ia t ion  and lunar r ad ia t ion  a l s o  may be reduced by means of a sh ie ld  t h a t  i s  
symmetric around t h e  base of t h e  vehic le  and i s  completely shaded by t h e  l a rge  
s o l a r  r ad ia t ion  sh ie ld ,  as shown i n  f igu re  & ( e ) .  

Temperatures of t h e  conical  and c y l i n d r i c a l  sec t ions  of t h e  unshielded and 
t h e  th ree  shielded vehic le  configurations a t  t h e  subsolar point were ca lcu la ted  
by t h e  methods developed i n  appendix B, and thus include i n f i n i t e  r e f l ec t ions  and 
re rad ia t ions  among a l l  surfaces .  Resul ts  of t y p i c a l  analyses a r e  presented i n  
f igu re  10 as a funct ion of t h e  
t i o n s  of t h e  vehic le  ( f i g s .  l O ( a )  and 10(b) ,  r e spec t ive ly ) .  The so la r  sh i e ld  has 
a white coating on t h e  s u n l i t  s ide  (as = 0.2, E = 0.8)  and a black coating on t h e  
shaded s ide  (as = 1.0, E = 1.0)  and i s  separated Yrom t h e  apex of t h e  conical  
sec t ion  by a d-istance equal t o  one vehic le  diameter. 
has a polished m e t a l  surface of low emittance (as = 0.2, E = 0.04) .  

as/€ r a t i o  on t h e  conical  and cy l ind r i ca l  sec-  

The lunar r ad ia t ion  s h i e l d  

When a so la r  s h i e l d  of t h e  same diameter as t h e  vehic le  i s  added t o  t h e  
unshielded vehicle ,  t h e  amount of so l a r  r a d i a t i o n  incident  upon t h e  conical  sec-  
t i o n  i s  g rea t ly  reduced (see  f i g .  l O ( a ) ) .  
r e l a t i v e l y  independent of t h e  a s / €  r a t i o  and almost equivalent t o  t h e  tempera- 
t u r e  of a surface with a t h e o r e t i c a l  value of 
reduction i n  temperature i s  3 6 O  F f o r  
3780 F f o r  a vehic le  whose as/€ r a t i o  i s  5.0. The temperature of t h e  cy l ind r i -  
c a l  sec t ion  remains r e l a t i v e l y  unchanged ( f i g .  10(b)) s ince  t h e  addi t ion of t h e  
small sh i e ld  does not a f f e c t  t h e  thermal environment of t h i s  sec t ion  t o  an 
appreciable degree. 

The surface temperature then becomes 

as/€ = 0 ( see  f i g .  6 ( a ) ) .  The 
as/€ = 0.2, 150' F f o r  as/€ = 1.0, and 

If t h e  s i z e  of t h e  sh i e ld  i s  increased, t h e  lunar  surface around t h e  vehic le  
w i l l  be shaded and thus cooled. As  a r e s u l t ,  t h e  temperature of t h e  cy l ind r i ca l  
sec t ion  w i l l  be reduced. However, t h e  conical  sec t ion  w i l l  be ho t t e r  because t h e  
l a rge r  sh i e ld  r e s t r i c t s  r ad ia t ion  from t h e  conica l  sec t ion  t o  space t o  a g rea t e r  
degree and r e rad ia t e s  more heat from t h e  lunar  surface onto t h e  conical  sect ion.  

Vehicle temperatures may be reduced fu r the r  by t h e  addi t ion  of a lunar 
r ad ia t ion  s h i e l d  of t h e  type shown i n  f i g u r e  4 ( c ) .  
low emittance, t h e  temperatures on t h e  c y l i n d r i c a l  sec t ion  a r e  reduced 

With t h i s  " s k i r t  shield"  of 
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considerably and become e f f ec t ive ly  independent of t h e  
vehicle  ( f i g  . 10 (b ) ) . 
conditions a r e  presented i n  t a b l e  11. 

as/€ r a t i o  of t h e  
Results of addi t iona l  vehicle  -shield s tud ies  under various 

It should be remembered t h a t  t h e  previous s tudies  were fo r  a vehicle  with no 
in t e rna l ly  generated hea t .  The surface temperatures of a vehicle  with i n t e r n a l  
heat can be  calculated by equation (11) f o r  unshielded vehicles  and by methods 
presented i n  appendix B f o r  shielded vehic les .  The in t e rna l ly  generated heat ,  
r ad ia t ing  area,  and surface emittance now become addi t iona l  parameters. Through 
t h e  use of shielding,  t h e  ex terna l  r ad ia t ion  absorbed by t h e  vehicle  can be 
reduced enough t o  allow a high r a t e  of heat d i ss ipa t ion  at a reasonable tempera- 
t u r e  l eve l .  As  an example, f i gu re  11 shows t h a t  a vehicle  with a surface emit- 
tance of 1.0 and t h e  dimensions given can d i s s ipa t e  nearly 10 ki lowatts  of 
i n t e rna l ly  generated heat a t  t h e  subsolar point and s t i l l  maintain a surface 
temperature below LOO0 E?. 
proper t ies  a re  l i s t e d  i n  t a b l e  111. 

Additional examples f o r  vehicles  with various surface 

Effectiveness . - . ~  of shielding f o r  s ide  i l luminat ion.-  Solar  and lunar r ad ia t ion  
sh ie lds  can be used a t  any  time- during t h e  lunar day, and t h e i r  design may be 
optimized f o r  spec i f i c  mission requirements and allowable temperature ranges. A 
so l a r  sh i e ld  may be pa r t i cu la r ly  usefu l  when t h e  vehicle  i s  subjected t o  s ide  
i l luminat ion ( f i g .  4 ( d ) ) .  
sh ie lds  s ince t h e  emitted lunar r ad ia t ion  i s  low. A s  t h e  so la r - rad ia t ion  sh ie ld  
i s  posit ioned f a r t h e r  from t h e  vehicle ,  t h e  temperatures approach values nearly 
as low as  those during lunar night ,  as shown i n  f igu re  12.  Thus, by means of 
shielding,  t h e  l a rge  temperature va r i a t ion  noted f o r  t he  unshielded vehicle  ( see  
f i g s .  8 and 9) may be eliminated. 

For t h i s  case, t he re  i s  no need fo r  lunar r ad ia t ion  

I n  summary, sh ie lds  a r e  most e f f ec t ive  when they i s o l a t e  a vehicle  from 
externa l  r ad ia t ion  and at t h e  same time do not appreciably r e s t r i c t  t h e  emission 
of r ad ia t ion  f rom t h e  vehicle  t o  space. Since shields  can eliminate nearly a l l  
of t h e  so la r  r ad ia t ion  t h a t  i s  incident  upon a vehicle ,  t h e  temperature of t h e  
vehicle ,  i n  e f f ec t ,  becomes almost independent of i t s  as /€  r a t i o .  Thus, 
acceptably low surface temperatures could be achieved without t h e  problems asso- 
c i a t ed  with obtaining very low as /€  surfaces .  Moreover, possible  changes i n  
t h e  so l a r  absorptance cha rac t e r i s t i c s  of a surface due t o  environmental exposure 
would not cause undesirable changes i n  surface temperature. 

CONCLUDING REMARKS 

The analyses presented herein have indicated t h a t  r ad ia t ion  sh ie lds  can be 
used as an e f f ec t ive  method of thermal cont ro l  f o r  vehicles  on t h e  lunar surface.  
The sh ie lds  can e f f ec t ive ly  i s o l a t e  t h e  vehic le  from both so l a r  and lunar 
r ad ia t ion  during daytime. 

For purposes o f  comparison, a basic  vehicle  configuration w a s  chosen f o r  
study, although t h e  analyses a r e  appl icable  t o  any vehic le  within t h e  limits of 
t h e  assumptions. A study of t h e  surface temperatures of t h e  unshielded vehicle  
showed t h a t  very low as/€ 
ing t h e  lunar  day. However, even with these  surfaces,  a t  or near t h e  subsolar 

surfaces  are needed t o  maintain low temperatures dur- 



point ,  t he  veh ic l e ' s  temperature may be undesirably high a s  a r e s u l t  of lunar 
r ad ia t ion  t h a t  i s  absorbed by t h e  vehicle .  Unshielded vehicles  t h a t  a r e  i l l umi -  
nated from t h e  s ide  (at  lunar dawn, dusk, or at  poles)  w i l l  have a la rge  tempera- 
t u r e  difference,  and w i l l  have high temperature gradients ,  from t h e i r  s u n l i t  t o  
t h e i r  shaded s ide,  even when t h e i r  skin conductance i s  f a i r l y  high. 

Solar-radiat ion sh ie lds  may be used t o  i s o l a t e  a lunar vehicle  from d i r ec t  
solar rad ia t ion .  
r a t i o  of i t s  surface i f  shielded from a l l  solar rad ia t ion ,  and i s  dependent only 
upon how much r ad ia t ion  i s  incident  from t h e  lunar surface and/or sh ie lds .  
r ad ia t ion  from t h e  lunar surface may be g rea t ly  reduced by lunar-radiat ion 
sh ie lds .  When both forms of shielding are used, a vehicle  with no unusual or 
extreme surface proper t ies  can be adequately thermally protected during lunar 
daytime . 

The temperature of t h e  vehicle  becomes independent of t he  as/€ 

The 

A vehicle  designed fo r  operation during lunar night probably requires  a 
surface with low emittance and may experience severe thermal problems i f ,  because 
of some unforeseen circumstance, it i s  forced t o  operate during lunar daytime. 
( A  surface of low emittance w i l l  probably have a high r a t i o  and, conse- 
quently, high temperatures during lunar daytime.) 
and lunar rad ia t ion  shielding can be as e f f ec t ive  f o r  t h i s  type of vehicle as f o r  
those designed f o r  operation during lunar daytime. 

as /€  
The thermal protect ion of so la r  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Calif.,  Oct. 3, 1963 
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APPENDIX A 

ANALYSIS OF ONE-DIMENSIONAL CONDUCTANCE IN A RADIATING SURFACE 

The assumption of zero conductance i n  the  surface of a vehic le  may cause an 
appreciable e r ro r  i n  t h e  temperature d i s t r ibu t ion  over t h e  surface of vehicles  
i l luminated from t h e  s ide  when t h e  conductance i n  t h e  sk in  i s  la rge .  
dimensional analysis  i s  developed t o  evaluate t h e  effect  of conductance upon t h e  
temperature d i s t r ibu t ion  around sect ions of vehicles  where t h e  temperature 
gradients  are negl ig ib le  i n  a l l  but one d i rec t ion .  

A one- 

A n  equilibrium heat balance on an elemental volume of t h e  vehic le ' s  skin 
(see sketch (a ) )  i s  made by equating t h e  sum of t h e  t o t a l  ex te rna l  r ad ia t ion  
absorbed per un i t  area W, t h e  i n t e r n a l  heat per un i t  a rea  from within t h e  vehi-  
c l e  U, and t h e  net heat conducted i n t o  t h e  element Qc t o  t h e  r ad ia t ion  f l u x  
emitted from t h e  element eaT4. 

Thus, 

where 

Sketch (a)  

d2T dx 
= bk 2 



and b i s  t h e  sk in  thickness and k i s  t h e  conductivity.  Thus, 

o r  

This r e su l t i ng  equation i s  nonlinear and numerical methods a r e  needed t o  solve 
it f o r  a pa r t i cu la r  case. A technique p a r t i c u l a r l y  appl icable  t o  t h e  so lu t ion  
of equation (Ah-) i s  t h e  re laxa t ion  method ( see  r e f .  1 5 ) .  Equation (Ah-) may be 
wr i t ten  i n  a f in i t e -d i f f e rence  form r e l a t i n g  t h e  temperatures of t h e  adjacent 
elements t o  t h e  temperature and heat balance of t h e  n th  element ( see  
sketch ( b ) ) :  

_ _  -~ 
r I / 

/ 
/ 

/ 
// 

/ 
/ 

/ / 
I / 

I 
L 
I 

I I I 
I I 
I I 

I 
I 
I 

n n t l  

The r e s idua l  of t h e  nth 
elemental temperatures are computed. 

element, Rn, i s  reduced t o  zero when t h e  correct  
Equation (A6), with su i t ab le  boundary 
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conditions, w i l l  y i e l d  t h e  temperature d i s t r ibu t ion  around t h e  vehicle  when t h e  
ex terna l  and i n t e r n a l  heat inputs,  skin thickness and conductivity, and t h e  con- 
duction length 6 necessary f o r  t h e  desired accuracy are given. 



A GENERAL ANALYSIS OF RADIA!TION INTERCKANGE AMONG SURFACES 

Consider n f i n i t e ,  isothermal surfaces t h a t  a r e  or iented i n  space i n  an 
a r b i t r a r y  manner. The surfaces are of a r b i t r a r y  shape and e m i t  and r e f l e c t  
d i f fuse ly .  The two s ides  of a t y p i c a l  surface w i l l  be  designated as a and b, 
respect ively.  The d i r ec t  solar r ad ia t ion  absorbed by t h e  a s ide  of t h e  i t h  
surface can be expressed as 

area  of i t h  surface a i  

absorptance of t h e  a s ide  of t h e  i t h  surface asi (a) 

 IT(^) so l a r  r ad ia t ion  flux incident  upon t h e  a s ide  of t h e  i t h  surface 

Reflected so la r  r ad ia t ion  from t h e  i t h  surface may be expressed as 

r i ( a )  = ai[1- asi(a)l I i ( a )  (B2) 

The thermal r ad ia t ion  f r o m  t h e  same surface i s  given by 

where 

0 Boltzmann’s constant 

emittance of t h e  a s ide  of t h e  i t h  surface 

T i  absolute temperature of t h e  i t h  surface 

Additional r ad ia t ion  inputs to each surface come from t h e  summation of a l l  
t h e  r e f l ec t ions  t h a t  occur among a l l  t h e  s ides  of a l l  t h e  surfaces.  For example, 
so l a r  r ad ia t ion  absorbed by t h e  a s ide  of t h e  i t h  surface,  f o r  t h e  case of a 
s ing le  r e f l e c t i o n  from a l l  surfaces,  i s  expressed by t h e  following sumnation: 

18 



where t h e  prescr ip t  1 denotes number of r e f l ec t ions  and 

f j ( b ) i ( a )  rad ia t ion  configuration f ac to r  from t h e  b s i d e  of t h e  i t h  
surface t o  t h e  a s ide  of t h e  i t h  surface 

The so la r  rad ia t ion  absorbed by t h e  b s ide  of t h e  i t h  surface a f t e r  one 
r e f l e c t i o n  i s  given by 

(B5 1 1 n n 

l v i ( b ) =  [ x r j ( a ) f j ( a ) i ( b )  + E r j ( b ) f j ( b ) i ( b )  a S i ( b )  
j -1 j =I 

The wri t ing of these  equations can be s implif ied through t h e  use of a summation 
convention: Whenever an index occurs two or more times i n  a t e r m  on t h e  r i g h t  
s ide  of t h e  equation but not on t h e  l e f t  s ide,  t h a t  term i s  t o  be summed over t h e  
given index. Using t h i s  convention, we  wr i te  equations (B4) and (B5) as 

lVi(a)  = [ r j (a ) f j (a ) i (a )  + r j ( b ) f j ( b ) i ( a ) ]  asi(a) (B6) 

For energy absorbed a f t e r  t w o  r e f l ec t ions  (prescr ip t  i s  2 ) ,  t he re  i s  a summation 
f o r  t h e  f i r s t  r e f l e c t i o n  t o  a l l  s ides;  then the re  i s  a summation of t h e  r e su l t i ng  
r e f l ec t ions  from a l l  s ides  t o  t h e  given surface.  Thus, f o r  t h e  a s ide  of t h e  
i t h  surface, t h e  t o t a l  summation may be expressed as 

+ [ r r j ( a ) f j ( a ) k ( b )  + r j ( b ) f j ( b ) k ( b )  l-ask(b) f k ( b ) i ( a )  %Si(,) 

k=i  j= i  j =i I ‘  ’ 1 
Upon rearrangement and use of t h e  swamation convention, equation (B8) can be put 
i n  t h e  form 



I n  a similar manner t h e  energy absorbed by t h e  b s ide  of t h e  i t h  surface 
a f t e r  two r e f l ec t ions  i s  found t o  be 

Subsequent terms f o r  more r e f l ec t ions  become more elaborate  but follow a similar 
pa t t e rn  of construction as one addi t iona l  example w i l l  show: 

The equations f o r  t h e  inputs due t o  multiple r e f l ec t ions  of t h e  emitted r ad ia t ion  
from a l l  s ides  of a l l  surfaces have t h e  same form as t h e  preceding equations. 
These equations can be obtained by replacing r, v,and as by the  corresponding 
terms fo r  emitted r ad ia t ion  
defined by equation (B3)). 

q, w, and E, respect ively ( q  has been previously 
Thus, owi(a) has t h e  form 

- Fqj (a) j (a) i( a)  + q j  (b)  j (b)  i( a) ‘f(a) 1 ( B W  - 
owi(a)  
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A heat balance may now be made upon t h e  surface including in t e rna l ly  generated 
heat : 

so la r  r ad ia t ion  r ad ia t ion  
(d i r ec t  and r e f l ec t ed )  (d i r ec t  and r e f l ec t ed )  

Heat emitted = 

+ ( i n t e r n a l  hea t )  (B13 1 
In t e rna l  heat may be t r e a t e d  as an ex terna l  input and t r e a t e d  i n  exactly the  same 
way as t h e  absorbed d i r ec t  so l a r  rad ia t ion .  

co W W CO 

q i ( a )  q i ( b )  = ' i(a) + ' i (b)  +uiai + z P v i ( a )  ' z P " i ( b )  + c P w i ( a )  + c P w i ( b )  014) 
P=1 P=1 P=O P=0 

where t h e  prescr ip t  P denotes number of r e f l ec t ions .  Equation (€314) i s  a s e t  
of simultaneous equations which contain sums within sums, e tc .  
matrix algebra a r e  pa r t i cu la r ly  valuable i n  organizing and solving such expres- 
sions.  A s  a f irst  s tep,  t h e  following matrices a r e  defined: 

The methods of 

- 
A, 

- 
I( a) 1 (b) f1( a) 2(b ) - 
f2(a)1(b) f2(a)2(b) * 

0 - 

. .  

0 . . . aSn( 

with similar 
expressions for 
%at Faat and Fbb 
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With these  def in i t ions ,  we may now wr i t e  t h e  r ad ia t ion  heat - t ransfer  expressions 
i n  matrix form. For example t h e  a r ray  of terms, 

where - 
1 o . . .  0 

0 l . . .  

: 1  ] 
0 0  1 
- 

i s  a un i t  matrix. Equation (B14) may now be wr i t ten  i n  matrix form as 

r 1 r 1 

The and matrices may be termed " rad ia t ion  t r a n s f e r  matrices" and are given 
by * 

J 
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The 
G matrices.  

matrices a r e  replaced by t h e  corresponding matrices t o  obtain t h e  

The pa t te rns  of t h e  subscr ipts  a and b suggest t h a t  an addi t iona l  concept 
of matrix algebra may be u t i l i z e d ,  namely, t h a t  matrices themselves may be used - _  
as elements of matrices.  Thus, for example, 

Ea 0 

where 8 i s  the  n u l l  or zero matrix. With t h i s  concept, t h e  following 
expression fo r  for example, may be  ve r i f i ed :  

- 
Haa, 

which reduces t o  

The i n f i n i t e  summation i s  i n  t h e  same form as a geometric s e r i e s .  Matrix algebra 
w i l l  allow many r e s u l t s  of ordinary algebra t o  be used, s o  t h a t  t h e  s e r i e s  may be 
replaced by i t s  sum and equation (B22) becomes 

Similar  r e s u l t s  may be obtained for t h e  r e s t  of t h e  
matrices.  
wr i t ten  as 

ff matrices and f o r  t h e  
When equation (~18) i s  s implif ied by combining matrices,  it may be 
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+ &(Ea, + 

This equation may now be  solved for  
/ 

where 

and 

- 
Q: 

Faa Eab1 
H =  

lEba ZbbJ 

- - 
Gab ’ = l b a  Fb1] (B27) 

Equation (B25) i s  t h e  so lu t ion  t o  t h e  heat balance on a l l  surfaces .  
temperatures of t h e  surfaces  can be determined from t h e  de f in i t i on  of 
equations ( B E ) .  

The - 
Q from 
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I 

988 -701 

289 
270 

189 -13 5 

776 -392 

TABLE I. - MAXIMUM SURFACE TEMPERATURE DURING A LUNm DAY FOR UNSHIELDED VEHICLE 

- 

992 -706 
781 -403 
293 
278 

182 -82 

Type  of sur face  

Tabor solar co l l ec to r  

Metals 

S i l i con  solar c e l l s  

I d e a l  gray surface 

White pa in t s  

%/E 

~= 

17 0 -7 0 
9.0 -2 .o 
1.10 

1.0 

0.5 -0 15 

TABLE 11.- EFFECTIVENESS O F  SOLAR AND LUNAR RADIATION SHIELDS UPON THE 
TEMPERATURES OF A VEHICLE AT THE SUBSOLAR POINT; CONDUCTANCE AND 
1mERNA.L HEAT BOTH ZERO 

(a) Unshielded vehic le  

Lunar surface 

. . . . - .  . . ~ _ _  _________ 

~ . .  Surface . temperature, . ... OF . . - .  -~ 

Cyl indr ica l  sec t ion  
- - - - ._ . . - 

13 7 
146 
184 
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TABLE 11.- EFFECTIVENESS O F  SOLAR AND LUNAR R A D I N I O N  SHIELDS UPON THE 
TEMPERNLRES O F  A VEHICLE AT THE SUBSOLAR POINT; CONDUCTANCE AND 
INTERNAL H W  BOTH ZERO - Continued 

1.0 

V 

( b )  Small  so l a r  r ad ia t ion  s h i e l d  

Small solar radiation shield 2 7- 
X 

1.0 

V 

Sur :  

Vehicle 

ice proper t ies  
Separation 

Sun l i t  
s i d e  

~ 

a, 

1.0 

J 

I 
E 

1.0 

1 I 
Shaded dis tance,  

0.25 
* 50 
-75 
1.00 

* 25 
50 
-75 
1.00 
1.00 
1.00 

~ 

Temperatures, OF 

s O l a r  
s h i e l d  

244 
247 
249 
250 
169 
175 
178 
180 
180 
180 

Conical 
s ec t  ion 

79 
69 
63 
59 
67 
61 
57 
54 
47 
86 

Cyl indr ica l  
s ec t  ion 

146 
146 
147 
147 
146 
146 
146 
146 
13 5 
185 
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TmLE 11.- EFFECTIVENESS OF SOLAR AND LUNAR RADIA!TION S H I E D  UPON THE 
TEMPWURES OF A VEHICLE AT THE SUBSOLAR POINT; CONDUCTANCE AND 
INTERNAL €EAT BOTH ZERO - Continued 

I /  ' /' 
' /  
I /  

j / / / / / / / / / / / / / / / / / / / /  

( c )  Large so la r  r a d i a t i o n  s h i e l d  

Large solar radiation shield 

r 
I I I  

I 1 7  X 

I 
\ I  
' I  
'\ I 

/////h/// 
Surface proper t ies  

Solar  sh i e ld  

Vehicle Sun l i t  
s ide  

as 

1.0 

- 

1 
.2 

1 

~ 

€ 
~ 

1.0 

1 
I 

Shaded 
s i d e  

Temperatures, OF 
S eparat  ion 

d is tance  , 
X/D 

0.25 - 50 
.75 
1.00 

* 25 
50 
75 

1.00 
1.00 
1.00 

Solar  
s h i e l d  

242 
2 42 
242 
2 42 
165 
166 
167 
167 
167 
167 

- 

Conical 
sec t  ion 

141 
122 
10 6 
95 

96 
86 
78 
72 
106 

111 

. .  

Cylindrical  
sec t ion  

93 
92 
92 
92 
88 
88 
88 
88 
80 
121 
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TABLE 11.- EFFECTIVENESS O F  SOLAR AND LUNAR RADIATION SHIELDS UPON TKE 
TEMPERATURES O F  A VEHICm THE SUBSOLAR POIm; CONDUCTANCE AND 
INTERNAL HEAT BOTH ZERO - Concluded 

(d) Solar  r ad ia t ion  sh ie ld  and lunar  r ad ia t ion  sh ie ld  

Large solar radiation shield f 
1 - 7  
I I x  
I I +  

l r face  propertic 
Solar E 

Sun l i t  
i e l d  
Shaded 

s ide  
~ 

X S  

1. c 

Lunar 
s h i e l d  

Separation 
dis tance,  

X/D 

0.25 
- 50 
.75 
1.00 
.25 
50 
-75 
1.00 
25 

.50 
75 

1.00 
1.00 
1.00 

Solar  
shield 

243 
243 
243 
244 
241 
241 
241 
242 
164 
164 

166 
166 
166 

16 5 

thermal radiation 
shield 

T eD 

Lunar 
shield 

87 
87 
86 
86 
1.07 
106 
106 
106 
98 
98 
98 
98 
98 
98 - 

era tures .  OF 

Conic a1 
sec t  ion 

~ 

128 
10 6 
89 
77 
126 
10 4 
88 
75 
92 
77 
65 
56 
51 
82 
-~ 

Zylindrical  
see t ion 

12 
9 
7 
6 

-68 
-75 
-79 
-80 
-106 
-111 
-114 
-115 
-115 
-115 
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a s  

TABU 111. - EFFECTIVENESS O F  SOLAR AND LUNAR RADIATION SHIELDS UPON THE 
TEMPERATURE O F  A v M I C T ; E  WITH INTERNALLY GE"A!TED HEAT AT TKE 
SUBSOLAR POINT; ZERO SKIN CONDUCTANCE 

E 

Area of cylindrical 
section = 314.2 ft' 

1.0 

ji 

I 
I 

1.0 

1 1  r r  
i' 

- 
Vehicle surface proper t ies  

Solar shield: Sunlit side Q, =0.2,  e - 0 . 8  
Shaded side a,= 1.0, E = 1.0 

Lunar shield : as = 0.2, E = 0.04; both sides 

~~ ~~ ~ ~~ 

Heat generated within 
t h e  cy l ind r i ca l  
sect  ion,  w a t t s  

2,500 
5,000 
7,500 

10 ,o 00 
2,500 
5,000 
7,500 

10,000 
500 

1,000 
1,500 
2,000 

Conical 
sec t  ion 

~ _ _  - 

Vehicle temperatures, OF 
Cylindrical  

sect ion 

56 
57 
57 
57 
5 1  
5 1  
5 1  
52 
82 
82 
82 
82 

-26 
29 
70 

10 2 
-14 
45 
89 

124 
6 

71 
119 
158 



0 
300 - temperature Small area near 

Measured 

Theoretical 
ana lysis 

Lunar temperature approximation 
(eq (4)) 

lunar equator (ref I )  1 
200 - 

100 - 

0 -  

\ 

-100 - 

I 
-200 - 

C L  I Subsolar point 

I I I 
0 30 60 90 I 20 I50 I80 

-300 
-180 -150 -120 -90 -60 -30 

I I I 
0 30 60 90 I 20 I50 I80 

-300' 
-180 -150 -120 -90 -60 -30 

Angle from subsolar point, y, deg 

Figure 1.- Temperature var ia t ion of  the lunar surface. 
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I80 20 40 60 80 100 I20 
Orientation angle, J / ,  deg 

140 160 

Figure 2 . -  Configuration f ac to r  f o r  an elemental area incl ined t o  an i n f i n i t e  
plane. 



Figure 3. - Basic vehicle  configuration. 



\Small solar 
radiation shield 

t-D-4 
(a)  Small s o l a r  shield. 

\ Large solar 
I radiation shield 
I 

( b )  Large so la r  shield. 

Figure 4. - Shielded vehic le  configurat ions.  
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Solar radiation 

/ I 
I 
I 

I I 'e- Lunar I ad i a t 
I 

thermal 
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